Polynucleotide phosphorylase (polyribonucleotide:orthophosphate nucleotidyl transferase, EC 2.7.7.5) (PNPase) is a 3Ј-5Ј exoribonuclease involved in mRNA degradation. It is expressed from two kinds of mRNAs: one originating from the promoter of the rpsO gene (immediately upstream) (13) and the other originating from its own promoter (16) (Fig. 1A) . Like RNase III and RNase E, two Escherichia coli endoribonucleases, expression of PNPase is autoregulated at the posttranscriptional level. However, in this case, regulation occurs only when the pnp mRNAs are specifically processed by RNase III, 81 nucleotides upstream of the initiation codon (17, 18) . This processing occurs during transcription or immediately after it and affects both transcripts equally. As a consequence, the two different mRNAs encoding PNPase become identical. The presence of PNPase triggers destabilization of its own mRNA, and a tight correlation has been observed between the degree of mRNA instability and the level of repression caused by the amount of PNPase in the cell (17) (18) (19) . The mechanism of autoregulation implies an interaction between PNPase and the leader region of its own mRNA (5, 19) . It has been shown previously that steady-state PNPase levels increase about threefold between 37 and 15°C and twofold between 37 and 23°C (8) . Here, transcriptional and translational fusions were used to determine whether the increase in steady-state PNPase levels at low temperature involves a transcriptional and/or posttranscriptional control mechanism.
MATERIALS AND METHODS
Strains and plasmids. Strains AB5311 (argE3 rpsL recA1 ⌬lacX74) and AB5321 (argG6 arg3E his4 rpsL ⌬lacX74) and their lysogenic derivatives GF5311, PF5311, GF5321, and GF⌬RN5321 have been described previously (18) . Briefly, GF5311 [AB5311 ⌽(pnpЈ-lacZЈ)1(Hyb)] and GF5321 [AB5321 ⌽(pnpЈ-lacZЈ) 1(Hyb) ] are lysogens of AB5311 and AB5321, respectively, and harbor the same GF1 phage, which carries a pnp-lacZ translational fusion between the proximal part of pnp and the distal part of lacZ (Fig. 1, fusion A) . In this fusion, the chimeric messenger is transcribed from two promoters: one, pnpp, corresponding to that of the pnp gene, and the other, rpsOp, corresponding to that of rpsO, the gene just upstream of pnp. In strain PF5311 [AB5311 ⌽(pnpЈ-lacZЈ) 2(Hyb) ], a truncated derivative of this fusion expresses ␤-galactosidase from the pnp promoter only (Fig. 1, fusion B) . GF⌬RN5321 [AB5321 ⌽(⌬RIII-pnpЈ-lacZЈ) 3(Hyb) ] carries the same fusion as GF5311 and GF5321, but with a complete deletion of the RNase III cleavage site in the pnp leader (Fig. 1 , fusion C) (18) . CP5321, which will be described elsewhere, is a derivative of AB5321, which carries a deletion of 2,557 bp (C. Portier, unpublished data), removing the complete pnp gene and its own promoter, as well as the proximal part of the downstream gene nlpI (11) . CP5321F [CP5321 ⌽(pnpЈ-lacZЈ)1(Hyb)] corresponds to CP5321 lysogenized by the GF1 phage. A transcriptional fusion was constructed by cleaving the M13 phage derivative M13GF18 (18) with EcoRI and BglII. (A BglII site was created by changing 1 nucleotide 6 nucleotides downstream of the transcription start point of pnp.) The liberated fragment, which carries rpsOp and pnpp, was then inserted into plasmid pRS415 (22) , previously cut by EcoRI and BamHI. An EcoRI-SacII fragment of this plasmid, derived from pRS415, was inserted into a phage as described previously (18) . The resulting phage, which bears a transcriptional fusion expressing lacZ from both the rpsOp and pnpp promoters, was used to lysogenize strain CP5321. A monolysogenic strain was isolated, which was called FT5321[CP5321 ⌽(rpsOp-pnpplacZ)4] (Fig. 1, fusion D) . AB5312 [AB5311 ⌽(rpsOЈ-lacZЈ)1(Hyb)] is a lysogenic derivative of AB5311 that carries an rpsO-lacZ translational fusion (Fig. 1 , fusion E) (14) . Plasmid pBP111 harbors the complete rpsO-pnp operon (16), whereas pBP⌬10 carries only pnp (18) .
Cultures. Cultures were grown in Luria-Bertani medium according to the method of Miller (10) . For ␤-galactosidase measurements, lysogenic cells carrying a translational fusion were grown overnight at 30°C in MOPS (morpholinepropanesulfonic acid) medium (15) , diluted to an optical density at 600 nm (OD 600 ) of 0.05, and then grown to OD 600 s of 0.2 and 0.4 at 30, 20, or 15°C before aliquots were removed for assay. For each strain, the effect of PNPase (or protein S15) overproduction in trans was measured by introduction of plasmid pBP111, with plasmid pBR322 used as a control. Ampicillin was used at 100 g/ml of culture to maintain pBP111 and at 25 g/ml to maintain pBP⌬10.
RNA extraction and primer extension. Total RNA from aliquots of cultures grown in MOPS medium was extracted with hot phenol as previously described (15) . Samples of total RNA (10 g) were hybridized at 60°C with 20 pmol of an oligonucleotide complementary to the lacZ gene (M13/pUC sequencing primers [Ϫ40] or [Ϫ47], from New England Biolabs, Inc.) and 5Ј labeled with [␥- 32 P]ATP (3 MCi/mol; 111 PBq/mol) as described by Sanson and Uzan (21) .
DNA sequencing and electrophoresis. Sequencing was carried out according to the method of Sanger (20) . Products were separated on 6% polyacrylamide gels containing 6 M urea after migration at 1,200 V. The lengths of primer extension products were determined by comparison with a sequence of the corresponding DNA with the same oligonucleotide primer.
␤-Galactosidase assays. ␤-gactosidase levels were measured as described by Miller and are expressed in Miller units (10) .
Western blots. Aliquots of cells grown at 30 and 18°C to an OD 600 of 0.5 were harvested and broken by ultrasonic treatment in a buffer containing 100 mM Tris-HCl (pH 8.0). Protein concentration was measured by using the bicinchoninic acid protein assay from Pierce. Protein (0.5 and 1 g) was mixed with denaturation buffer and electrophoresed on sodium dodecyl sulfate-polyacrylamide (12.5%) gels as described previously (16) . The gel was then fixed in a transfer buffer containing 25 mM Tris-HCl (pH 8.3), 150 mM glycine, and 20% methanol for 10 min. Transfer to a Hybond-C Super membrane (Amersham) was carried out overnight at 120 mA in transfer buffer. The membrane was immersed for 2 h in a blocking buffer containing 80 mM Na 2 HPO 4 , 20 mM NaH 2 PO 4 , and 100 mM NaCl, to which was added 10% dried skimmed milk. After two washes for 5 min in blocking buffer containing 0.1% Tween, the membrane was incubated with diluted PNPase antibodies in blocking buffer for 2 h, washed two times for 5 min in the same buffer containing 0.1% Tween, and incubated for 2 h in the presence of 40.5 kBq of 131 I-protein A (specific activity, Ͼ30 Ci/g [ICN]) in blocking buffer. After two more washes, the membrane was exposed to a PhosphorImager screen, and band intensities were measured.
RESULTS
Enhanced expression of PNPase at low temperatures in a wild-type strain is also observed with a pnp-lacZ translational fusion. Strain GF5311[AB5311 ⌽(pnpЈ-lacZЈ)1(Hyb)] (18), which carries a pnp-lacZ translational fusion expressed from the rpsO and pnp promoters (Fig. 1, fusion A) , was grown at 30°C overnight, diluted and divided in 2, with one-half incubated at 30°C and the other at 18°C. Cultures were harvested at an OD 600 of 0.5 (about 8 h at 18°C). Aliquots were then taken to measure the amount of PNPase by Western blotting. A twofold increase in PNPase protein levels was observed at 18°C compared to those at 30°C (Fig. 2, insert) . A very similar result was obtained by measuring the levels of ␤-galactosidase Table 1 are plotted. In GF5311, the pnp-lacZ fusion ( Fig.  1 , fusion A) is expressed from the rpsO and pnp promoters, whereas in PF5311, it is expressed only from the pnp promoter (fusion B). AB5312 carries an rpsO-lacZ fusion and was used as a control (fusion E). Squares, GF5311; circles, PF5311; diamonds, AB5312. Solid symbols represent expression in the presence of pBR322 (plasmid control), and open symbols represent expression in the presence of pBP111 (overproducing PNPase and S15). An insert shows a Western blot of PNPase. Crude extracts (1 g) from cells grown at 18 and 30°C were separated by gel electrophoresis and blotted onto a membrane, and the PNPase protein was detected by antisera as described in Materials and Methods. The relative amount of PNPase in strain GF5311 at 18°C is indicated, taking the value at 30°C as 100%.
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produced from the fusion at 20 and 30°C; expression was increased about twofold at the lower temperature (Table 1) .
Since the level of expression of the pnp-lacZ fusion correlated well with the intracellular level of PNPase, the subsequent experiments were performed with pnp-lacZ fusions. Autocontrol of pnp expression is decreased at low temperature. To see whether the increase in expression at low temperature was related to autocontrol, the steady-state ␤-galactosidase levels of the translational fusion were measured at 15, 20, and 30°C in strains transformed either with a plasmid overexpressing PNPase (pBP111) or with the vector pBR322 as a control. The results are shown Table 1 and Fig. 2 . At low growth temperatures, expression of the pnp-lacZ fusion was increased relative to that measured at 30°C in both strains, i.e., whether PNPase is expressed solely from its chromosomal gene (Fig. 2) or whether it was overexpressed from the highcopy-number plasmid pBP111. The lower the growth temperature was, the greater the increase in expression observed was. In strains overexpressing PNPase, expression was 3.9-fold higher at 20°C and 6.5-fold higher at 15°C than the levels measured at 30°C. In the control strain, these increases were 1.7-and 2.4-fold at 20 and 15°C, respectively. The level of repression by PNPase (i.e., the level of expression in cells containing pBR322 divided by the expression level in cells containing pBP111), on the other hand, decreased with temperature. At 30°C, overexpression of PNPase caused a ninefold decrease in pnp-lacZ expression, whereas at 15°C, repression was only 3.3-fold (Table 1) .
Similar results were obtained with PF5311 [AB5311 ⌽(pnpЈ-lacZЈ)2(Hyb)], a strain expressing the pnp-lacZ fusion from the pnp promoter only (Fig. 1, fusion B) , after transformation with pBP111 and pBR322. The absolute levels of expression were lower, due to the lack of the rpsO promoter (Table 1 , compare GF5311/pBR322 to PF5311/pBR322). In the control strain, PF5311/pBR322, expression was 1.9-fold higher at 20°C and 3.3-fold higher at 15°C, compared to the levels of ␤-galactosidase measured at 30°C (Table 1 and Fig. 2). In strain PF5311/pBP111, which overexpresses PNPase, expression was 3.8-fold higher at 20°C and 9-fold higher at 15°C. As with the fusion driven by both the rpsO and pnp promoters, as expression of the fusion increased, the repression level decreased with temperature. At 30°C, overexpression of PNPase caused a 5.1-fold decrease in pnp-lacZ expression, whereas at 20 and 30°C, the levels of repression were only 2.5-and 1.9-fold, respectively (Table 1 and Fig. 2 ). The fact that the patterns of expression and repression were the same, whether the fusion was expressed from one (PF5311) or two promoters (GF5311), suggests that increased expression at low temperature was linked either to a cold inducibility of the pnp promoter or to a decrease in the efficiency of the posttranscriptional autoregulatory mechanism.
The plasmid pBP111, used to overexpress PNPase, also overexpresses ribosomal protein S15, the translational repressor of the expression of its own gene, rpsO (14) . To demonstrate that the effect described above was specific to the expression of the pnp gene, expression of the rpsO gene was measured under the same conditions. Hence, expression of an rpsO-lacZ translational fusion, carried by strain AB5312 (Fig.  1 , fusion E), was measured in cells containing pBP111 and the control vector, pBR322, at 30, 20, and 15°C (Fig. 2) . In contrast to pnp, expression of rpsO decreased at temperatures below 30°C. ␤-Galactosidase expression of the rpsO-lacZ fusion decreased from 21 Miller units at 30°C to 11 Miller units at 15°C (twofold) in cells containing pBP111 (Table 1 and Fig. 2 ), whereas expression decreased from 109 Miller units to 39 Miller units (around threefold) in cells containing pBR322 (Table 1 and Fig. 2) . Although the repression of rpsO-lacZ expression by the S15 protein was also decreased at lower temperatures, this decrease was limited (5.2-fold at 30°C versus 3.5-fold at 15°C) and was not as strong as that measured with the pnp-lacZ fusions. Together, these results show that expression of the ribosomal protein S15 at low temperature is different from that of PNPase and that neither the S15 autoregulatory mechanism nor the rpsO promoter was involved in cold-stimulated expression of pnp. 
a GF5311 and PF5311 are lysogens and carry, besides a chromosomal copy of pnp, either fusion A or fusion B (Fig. 1) . AB5312 carries an rpsO-lacZ translational fusion (Fig. 1, fusion E) .
b Fold increase in fusion expression is given relative to the value at 30°C.
Increased expression of a pnp-lacZ translational fusion at low temperature is not observed in the absence of PNPase. To obtain further evidence that expression observed at low temperature was linked to the autocontrol mechanism, expression of the pnp-lacZ fusion was examined in a strain lacking PNPase and was thus fully derepressed. Strains AB5321(pnp ϩ ) and CP5321(⌬pnp), were lysogenized by the phage carrying the pnp-lacZ fusion (Fig. 1, fusion A) , giving GF5321 [AB5321 ⌽(pnpЈ-lacZЈ)1(Hyb)] and CP5321F [CP5321 ⌽(pnpЈ-lacZЈ)1(Hyb)], respectively. Their ␤-galactosidase levels were measured in cultures grown at 18 and 30°C. At 30°C, the wild-type strain, GF5321, produced low levels (175 Miller units of ␤-galactosidase) ( Table 2) , whereas in the ⌬pnp strain, CP5321F, this expression level was increased 10-fold (Table 2) . At 18°C, expression was increased twofold in strain GF5321 compared to that at 30°C, whereas expression remained unchanged in strain CP5321F. This result indicates that an intact pnp gene is necessary for increased expression at low temperature, in support of the idea that the autocontrol mechanism is involved in this phenomenon.
In the absence of RNase III processing of the pnp leader, no increased expression can be observed at low temperature. If autocontrol, not PNPase per se, were essential for increased pnp expression at low temperature, mutations in cis in the pnp leader, which abolish autocontrol, should not result in increased expression in cells grown at 18°C. It is known that autocontrol of pnp expression is abolished in the absence of RNase III cleavage in the pnp leader. ␤-Galactosidase activity was thus measured in a strain that carries a deletion of the RNase III cleavage site, GF⌬RN5321 [IBPC5321 ⌽(⌬RIII-pnpЈ-lacZЈ)3(Hyb)] (18) (Fig. 1, fusion C) , at 30 and 18°C, with or without overproduction of PNPase in trans. Table 2 shows that the ␤-galactosidase levels in these strains were identical at 30°C (697 Miller units) and at 18°C (694 Miller units), whether or not PNPase was overexpressed from pBP⌬10, a plasmid that carries pnp under its own promoter and known to overproduce PNPase (18) . These results clearly show that increased expression of the pnp-lacZ fusion does not occur at low temperature in the presence of a cis mutation abolishing autocontrol, even in the presence of PNPase. The experiment described above did not exclude the possibility that the cleavage efficiency of the pnp leader by RNase III was decreased at low temperature, leading to incomplete processing and, hence, increased expression. To test this hypothesis, the pnp leader expressed from the pnp-lacZ fusion at 18 and 30°C was analyzed by primer extension in the presence (GF5321) and absence (CP5321F) of PNPase. Figure 3 shows that only fully processed 5Ј ends were present in all cases, regardless of the temperature or the concentration of PNPase. Thus, increased expression at low temperature is not linked to a defect in processing of the pnp leader by RNase III, but requires a functional autocontrol mechanism.
The amount of pnp-lacZ mRNA correlates with the expression level of the fusion. To see whether the pnp-lacZ mRNA level correlated with expression of the fusion at low temperature, the amount of pnp-lacZ mRNA was measured at 30 and 18°C in the presence and absence of PNPase. Cultures of GF5321[IBPC ⌽(pnpЈ-lacZЈ)1(Hyb)] and CP5321F [CP5321 ⌽(pnpЈ-lacZЈ)1(Hyb)] (Fig. 1, fusion A) were grown at 18 and 30°C. Total RNA was extracted, and the amounts of pnplacZ mRNA were estimated by primer extension. In the absence of PNPase (strain CP5321F), a large amount of pnp-lacZ mRNA was detected, which did not vary significantly between 30 and 18°C (Fig. 4) . A quite different result was observed in the presence of PNPase. In this case, the amount of pnp-lacZ mRNA observed was smaller than that in the absence of PNPase, and more mRNA was observed at 18°C than at 30°C. The amount of pnp-lacZ mRNA decreased further upon transformation of strain GF5321 with a multicopy plasmid (pBP111) containing the pnp gene. However, once again, more mRNA was observed at 18°C than at 30°C. Thus, the amount of pnp-lacZ mRNA correlates well with the amount of ␤-galactosidase measured from the fusions in CP5321F and GF5321.
The decay rate of the pnp-lacZ mRNA is decreased at low temperature. To see whether the variations in the amount of pnp-lacZ mRNA were the result of changes in decay rate or transcription rate, the stability of the pnp-lacZ mRNA was measured in strains GF5321 and CP5321F grown at 18 and 30°C. The decay rate was measured by plotting the percentage of pnp-lacZ mRNA remaining versus time. Figure 5 shows that pnp-lacZ mRNA was more stable at 18°C than at 30°C. In addition, in the absence of PNPase, the half-life of the pnplacZ mRNA increased from 4 min to 11 min at 30°C and from 7 min to more than 60 min at 18°C. Thus, at a given temperature, pnp-lacZ mRNA was more stable in the ⌬pnp background than pnp ϩ , suggesting that pnp-lacZ mRNA is destabilized by PNPase and that this destabilization is decreased in cultures grown at low temperature.
To see whether this stabilization was specific to pnp-lacZ mRNA, the decay rate of the rpsO-lacZ mRNA was also analyzed at 30 and 18°C with strain AB5312 (14) . A strong stabilization of this mRNA was also observed at low temperature (data not shown). This result was not consistent with the low level of expression of the rpsO-lacZ fusion at 18°C and suggests that the decay rates of different mRNAs can be decreased at low temperature, without leading to increased expression of the encoded protein.
The pnp promoter is not low-temperature inducible. The results described above did not exclude the possibility of an effect of low temperature on the pnp promoter. To see whether the pnp promoter was low-temperature inducible, ␤-galactosidase levels were measured in the transcriptional fusion FT5321 [CP5321 ⌽(rpsOp-pnpp-lacZ)4]. In this strain, ␤-galactosidase was expressed from rpsOp and pnpp by using the ShineDalgarno sequence of lacZ (Fig. 1, fusion D) . Table 2 shows that the level at 30°C was nearly identical to that observed at 18°C, suggesting that expression of the pnp-lacZ fusion at low temperature was not dependent upon a temperature inducible pnp promoter.
DISCUSSION
In this work, expression of PNPase at low temperature was studied by comparing levels of expression of pnp-lacZ translational fusions in cells growing at different temperatures below 30°C. By analyzing cells growing at (or near) steady state and at 18°C, complications linked either to the transient metabolic changes that occur during the first 2 h after cold shock or to any changes which might be associated with survival adaptation when strains lacking PNPase are incubated at 16°C (very close to the minimal growth temperature) or lower (9 [see below]) should be avoided.
The increase in pnp-lacZ expression at low temperature is linked to a change in the efficiency of PNPase autocontrol. In ⌬pnp strains, in which pnp-lacZ translational fusions are derepressed, pnp expression is the same at 18°C as at 30°C. In contrast, in wild-type strains, where pnp expression is autocontrolled, expression of pnp-lacZ fusions is increased at 18°C. In cells overexpressing PNPase, the repression level drops as expression of the fusion increases with decreasing temperature. This phenomenon is dependent on the presence of a functional RNase III cleavage site. These observations suggest that increased pnp expression at low temperature is linked to autocontrol. An identical conclusion was reached very recently by Beran and Simons (1) while studying PNPase expression after cold shock. Since the efficiency of the RNase III processing of the pnp messengers, which is a prerequisite for repression by PNPase (15, 17) , is not affected, the increased expression most likely results from changes in the second step of autocontrol (19) . The simplest explanation to account for this effect is to suppose that PNPase is less efficient in its ability to repress expression of the fusion when cells are grown at low temperature. PNPase is thought to interact with its own mRNA to trigger its degradation, since a tight inverse relationship between the amount of PNPase in the cell and pnp-lacZ mRNA stability has been observed (15, 18, 19) . Consistent with this hypothesis, a mutation in the KH RNA binding domain of PNPase derepresses pnp expression and increases the level of pnp mRNA (5) . If increased expression were the result of a decreased interaction between PNPase and the processed pnp leader at low temperature, it would account for the inverse correlation between temperature and expression as well as the differential increase in expression of the fusion with increasing amount of repressor (PNPase). As a result, the degradation rate of the pnp-lacZ mRNA would be progressively decreased with temperature, increasing the amount of pnp-lacZ mRNA and, hence, expression of the fusion. Consistent with this idea, the amount of pnp-lacZ mRNA is higher at 18°C than at 30°C, and this variation is linked to the amount of PNPase, suggesting that pnp-lacZ mRNA stability is under PNPase control, even at low temperature. Accordingly, the decay rate of pnplacZ mRNA is increased in the presence of PNPase, but less so at low temperature. In the absence of PNPase, full stabilization of the pnp-lacZ mRNA is observed at 18°C, but not at 30°C, suggesting that pnp mRNA decay can occur mainly via a PNPase-dependent mechanism at low temperature. However, this stabilization did not lead to an increase in pnp-lacZ mRNA levels compared to those observed at 30°C. It is possible that the increase in mRNA stability was compensated for by a decrease in the transcription rate.
Other factors that might affect expression at low temperature were tested by exchanging the rpsO and pnp promoters for the cold-insensitive (6) lacUV5 promoter (data not shown) or by substituting the pnp Shine-Dalgarno region with the corresponding lac sequence. In neither case was expression of a pnp-lacZ fusion increased at low temperature in a ⌬pnp background, showing that the increase in expression observed was not the result of an increase in the transcription or translation rate.
Low temperature stabilizes mRNAs. Stabilization of pnp mRNA at low temperature was also observed in E. coli (1, 23) and in strain K122 of Photorhabdus sp. (3). Indeed, stabilization of other mRNAs, including rpsO mRNA (3; data not shown), cspA mRNA, and cspA-lacZ mRNA (6) in cells grown at low temperature or following cold shock, has previously been observed, suggesting a general slowdown in mRNA degradation at low temperature. Interestingly, mRNA stabilization was not always followed by an increase in the encoded protein. This was the case for protein S15, suggesting a specific difference in the translation efficiency of mRNAs from cold shock and non-cold shock proteins.
The transient increase in pnp mRNA stability observed after cold shock (1, 23) may be a specific property of pnp mRNA under these conditions. When temperature drops, pnp mRNA is instantaneously, but transiently stabilized (1) . However, as shown previously, disruption of the pnp gene either in Bacillus subtilis (pnpA::mini-Tn10) or in E. coli (pnp::Tn5) (12) prevents cell growth at or below 15.8°C (9) and at 5°C in the psychrotrophic bacterium Yersinia enterocolitica (7) . Nevertheless, some residual growth appears to occur after a cold shock at 15°C in an E. coli strain expressing inactivated PNPase (1). Thus, besides cold adaptation, some survival metabolism might be induced in cells growing at 16°C, which could affect the synthesis rate of PNPase mRNA at cold temperatures. Under these conditions, it is difficult to compare the results observed with pnp mutant cells growing at steady state at 18°C, but with the same cells incubated at or below 16°C unable to grow or growing very slowly. These particular conditions, added to the use of a different pnp mutant, might be the explanation of why Zangrossi and coworkers (23) find that autogenous control of PNPase synthesis during cold shock is regulated at the level of transcription elongation.
The essential role of PNPase at low temperature remains to be clearly established. One can imagine that secondary structures of mRNAs are stabilized at low temperatures, which might impede RNA degradation in the absence of this enzyme. In the absence of mRNA degradation, depletion of nucleoside diphosphate pools would be expected, which, in turn, would slow down DNA replication (4) . The importance of these functions might account for the necessity to increase synthesis of PNPase at low temperature. Whether PNPase acts alone or in the context of the degradosome (2) also remains an open question. The large excess of PNPase relative to other components of the degradosome might argue in favor of the former hypothesis.
